Terminal Neoproterozoic (Ediacaran, ca. 600-543 Ma) strata of the upper part of the Windermere Supergroup are well-exposed in the Mackenzie Mountains and the Wernecke Mountains of northwestern Canada. Windermere strata in the Mackenzie Mountains contain an exceptional Ediacaran biostratigraphic and isotopic (C and Sr) record, while the sequence stratigraphic record is subtle throughout this predominantly deep-water succession. Coeval strata in the Wernecke Mountains can be correlated with the succession in the Mackenzie Mountains on a formational level. In contrast to the deep-water setting of the Mackenzies succession, the Werneckes succession preserves a predominantly shallow-water succession amenable to detailed sequence stratigraphy. Integrated lithostratigraphy, chemostratigraphy, biostratigraphy and sedimentology partitions the Wernecke Mountains succession into five depositional sequences and constrains correlation with strata in the Mackenzie Mountains. The siliciclastic and carbonate sediments, deposited along the margin of the proto-Pacific Ocean, record accumulation in continental slope, neritic, and terrestrial paleoenvironments. Distinctive temporal chemostratigraphic and biostratigraphic attributes allow these strata to be correlated with other Ediacaran successions worldwide. Integrating sequence stratigraphy with these attributes is a robust, yet under-utilized correlation tool and is a step toward erecting a more detailed working Neoproterozoic chronostratigraphy.
Introduction
The terminal Neoproterozoic (ca. 600-543 Ma) represents a critical time in earth history, marked by the end of the Proterozoic "snowball" glaciations (Hoffman et al., 1998) , appearance of the oldest (Ediacaran) metazoans (Glaessner, 1984; Narbonne, 1998; Narbonne and Gehling, 2003) and profound changes in the isotopic composition of seawater (Kaufman and accessible region in the northern Cordillera, has not previously been studied in the same detail as the Mackenzie Mountains. The late Neoproterozoic succession of northwestern Canada, the Windermere Supergroup, was deposited during the breakup of Rodinia and the opening of the proto-Pacific (Ross, 1991; Ross et al., 1995; Dalrymple and Narbonne, 1996) . Rifting likely occurred in several phases, with events at 780 Ma (Harlan et al., 2003) , 740 and 723 Ma (geochronological constraints for deposition of basal Windermere strata reviewed by Ross et al., 1995) , and 570 Ma (Colpron et al., 2002) . The top of the supergroup is the sub-Cambrian unconformity (Fig. 2) . The Windermere Supergroup is up to 7 km thick and is exceptionally exposed in the Mackenzie Mountains and Wernecke Mountains, northwestern Canada ( Fig. 1) , where strata are uncleaved and only slightly metamorphosed. The basal Windermere Supergroup strata ( Fig. 2 ) represent rift-related deposits overlain by two broad intervals of glaciogenic deposits: the Rapitan Group, which correlates with the Sturtian tillites in Australia (Eisbacher, 1981; Young, 1992) and the Ice Brook Formation, which correlates with the Marinoan glaciation in Australia (Aitken, 1991a,b; Sohl et al., 1999; James et al., 2001) . The upper, post-rift succession of the Windermere Supergroup is siliciclastic-dominated, but contains cyclic alternations of carbonates with terrigenous clastics, referred to as Grand Cycles (Aitken, 1989) . The dominantly deep-water succession of the Windermere Supergroup is well known in the Mackenzie Mountains (Aitken, 1989; Narbonne and Aitken, 1995) where it contains a superb record of Ediacaran megafossils of three distinct assemblages and an excellent chemostratigraphic record (Narbonne et al., 1994; Kaufman et al., 1997; James et al., 2001) . The sedimentology and sequence stratigraphy is well understood for the Mackenzie Mountains succession (Dalrymple and Narbonne, 1996; MacNaughton et al., 2000) but the development of sequence boundaries in the deeper-water setting is muted and this hinders development of a sequence-stratigraphic framework for this succession.
Coeval, dominantly shallow-water strata in the Wernecke Mountains to the west ( Fig. 1) correspond to the succession in the Mackenzie Mountains on a formation by formation basis. The Wernecke Mountains succession contains Ediacaran fossils (Narbonne and Hofmann, 1987) , and carbonates that are amenable to isotope chemostratigraphy. The Aitken, 1989; Narbonne and Aitken, 1995; Fig. 4) . GC: Grand Cycle.
dominantly shallow-water setting of the Windermere Supergroup in the Wernecke Mountains provides an opportunity for a detailed stratigraphic analysis of this succession that complements the well known biostratigraphic and chemostratigraphic framework of the deeper-water Mackenzie Mountains succession. The purpose of this paper is to (1) establish the lithostratigraphic framework of the upper Windermere Supergroup in the Wernecke Mountains, (2) interpret this succession in a sequence stratigraphic context, (3) integrate the sequence stratigraphy with reconnaissance carbon isotopic data and biostratigraphic constraints for intrabasinal correlation with the Mackenzie Mountains, and (4) correlate the integrated Ediacaran chronostratigraphic record of northwestern Canada with equivalent strata globally.
Windermere Supergroup
The Windermere Supergroup extends from northwestern Canada to northern Mexico and preserves the late Precambrian rift-drift history of the Cordilleran margin of Laurentia (Ross, 1991; Ross et al., 1995) . It consists of a continental-margin wedge succession that accumulated during late Neoproterozoic time on the northwestern and western margin of Laurentia and crops out along an arcuate part of the Foreland Fold and Thrust Belt of the northern Canadian Cordillera (Fig. 1A) . The Windermere Supergroup in the southern Canadian Cordillera is a predominantly deep-water slope and basinal succession. The well exposed, continuous Windermere successions in the northwestern segments of the Cordillera (Mackenzie and Wernecke Mountains, Fig. 1A ) are mostly shelf, shelf-edge and slope deposits and are less tectonically deformed compared to their counterparts in the south.
Mackenzie Mountains
The Windermere Supergroup consists of the Coates Lake Group, the Rapitan Group, and six post-Rapitan Formations (Fig. 2 ) that record passive continental-margin sedimentation and inception of the proto-Pacific Ocean (Dalrymple and Narbonne, 1996) . The rift-drift transition is interpreted to be at the base of the siliciclastic Twitya Formation, which is the first of three, km-scale siliciclastic to carbonate Grand Cycles of the following formation pairs: Twitya-Keele, Sheepbed-Gametrail, Blueflower-Risky (Aitken, 1989 (Aitken, , 1991a Narbonne and Aitken, 1990, 1995) (Fig. 2) . Deposition of the Twitya-Keele Grand Cycle was interrupted by a second Neoproterozoic glaciation, recorded as the Ice Brook Formation (Aitken, 1991a,b) . Glacial deposits of the Ice Brook Formation and prograding cyclic shallow-water clastic-carbonate units of the underlying Keele Formation are interpreted to represent the global Marinoan glaciation and associated postglacial melting (James et al., 2001 ). The stratigraphic framework and depositional history of the post-Ice Brook Formation succession (Sheepbed to Risky Formations) is well established (Aitken, 1989 (Aitken, , 1991a Narbonne and Aitken, 1995; Dalrymple and Narbonne, 1996; MacNaughton et al., 2000) . The top of the Windermere Supergroup is marked by a prominent unconformity and the Precambrian-Cambrian boundary occurs within the strata of the overlying Ingta Formation (Aitken, 1989; MacNaughton and Narbonne, 1999) . During most of the late Neoproterozoic, the shelf trended from northwest to southeast and the shelf edge prograded southwestward from neritic environments in the eastern Mackenzies to continental slope settings in the western Mackenzies (Fig. 2 of Narbonne and Aitken, 1995; Dalrymple and Narbonne, 1996) .
Wernecke Mountains
The upper Windermere succession is known only from preliminary lithostratigraphic studies (Aitken, 1984; Fritz et al., 1983 Fritz et al., , 1984 Narbonne et al., 1985 (Aitken, 1989; MacNaughton et al., 2000) Present Study (Aitken, 1984) ) (Aitken, 1989) Corn Creek-Goz Creek Area June Lake Area Fritz et al. (1983) based their interpretation on earlier observations at Sections B and C. (2) The interpretation by Aitken (1984) of Section A, shows an erroneous correlation of the "Sheepbed carbonate" to the unnamed dolostone; however, Aitken (1989) emended this correlation by suggesting the "Sheepbed carbonate" and "Siltstone unit 2" are equivalent to the Gametrail and Sheepbed Formations of the Mackenzie Mountains. (3) Narbonne et al. (1985) interpreted Section D1, where the correlation of units was complicated by significant facies and thickness changes. (4) The interpretation by Aitken (1989) extended formal names from the Mackenzie Mountains. Osborne et al., 1986 ) and a few detailed paleontological reports focused on global correlation of the Precambrian-Cambrian boundary (Hofmann, 1984; Narbonne et al., 1985; Nowlan et al., 1985) . Miscorrelation by previous workers occurred because of the similarity between siliciclastic-carbonate cycles of the Sheepbed-Gametrail, Blueflower-Risky Grand Cycles and presence of additional higher-order shale-carbonate cycles. The present independent correlation based on paleontology, carbon isotope stratigraphy, sedimentology, and sequence stratigraphy establishes the lithostratigraphic framework and clarifies previous conflicting interpretations (Fig. 3) . The Sheepbed, Gametrail, Blueflower and Risky Formations overlie the cap carbonate of the Ravensthroat Formation, as defined in the Mackenzie Mountains by James et al. (2001) . The Blueflower Formation contains globally recognized Ediacaran megafossils (Narbonne and Hofmann, 1987) . Lithostratigraphy and coarse biostratigraphic resolution indicates the succession represents post-glacial events of the terminal Proterozoic system (Ediacaran). Compared to coeval deeper water strata of the Mackenzie Mountains and southern Cordillera, the Wernecke Mountains succession differs in preserving a segment of the northwestern Laurentian passive margin dominated by a shallow-water strata with well-developed sequences.
Methods
The present research is based on fieldwork carried out at five ridge sections (A, B, C, D1 and D2; Fig. 1B ), measured and described in detail across a shelf-slope transect that spans 42 km. Sections lie within two structural panels (Nadaleen map-area, National Topographic System 106C). Sections A, B and C (proximal) occur within the same structural panel over a depositional length of 26 km, which transect regional variations in facies and facies thicknesses. The southern Sections D1 and D2 (distal) record a thickening of all observed units and abrupt lateral facies changes. To determine the carbon isotopic record for the succession, reconnaissance scale sampling at Sections A and D was carried out in 1994. Carbon isotopic variations based on the reconnaissance samples are used to correlate the carbonate units across the transect and establish intrabasinal correlation to the isotopic profile of the Mackenzie Mountains succession (Narbonne et al., 1994; Kaufman et al., 1997) .
Geological framework
Stratigraphic nomenclature of Ediacaran deeperwater strata in the Mackenzie Mountains is here extended to the Wernecke Mountains. The youngest pairs of formations (Sheepbed-Gametrail and Blueflower-Risky) are described in detail. Brief descriptions of the underlying Keele and Ravensthroat Formations and overlying post-Windermere Formations are included.
Fifteen facies associations (FA) (Fig. 4) , nine of which are siliciclastic-dominated and six of which are carbonate-dominated, are identified based on the nature of vertical stratal relationships, unit composition, grain characteristics, bedding and sedimentary structures (Table 1) . Interpreted environments range from basinal to terrestrial. Eisbacher (1981, Fig. 29) proposed that the paleoslope in the Wernecke Mountains was south to southeasterly facing, a view supported by facies thickening and deepening from north to south-southeast (Fig. 4) . The predominantly deep-water facies of the coeval Mackenzie Mountains succession thicken and deepen to the west and southwest. The change of structural grain and probable related change in the strike of the margin between the Mackenzie and Wernecke Mountains, approximately north-south and east-west, respectively, suggest an arcuate margin (Eisbacher, 1985) .
Keele and Ravensthroat Formations
The Keele and Ravensthroat Formations were not examined in detail but both are prominent marker beds. The Keele Formation, up to 600 m thick in the Mackenzie Mountains (Gabrielse et al., 1973) , is a complex of platform carbonate and overlying orange-red-weathering pebbly quartzite (= "Keele Clastic Wedge"; Narbonne and Aitken, 1995) . In the Wernecke Mountains, the Keele Formation is only up to 40 m thick and is composed of shallow shelf to fluvial siliciclastics probably equivalent to the Keele Clastic Wedge. Yellow-weathering, finely crystalline dolostone and rare limestone (23 m thick; Figs. 4 and 5A) overlie the Keele Formation (Eisbacher, 1981 (Eisbacher, , 1985 and are referred to the Ravensthroat Formatioan (= Ice Brook cap carbonate) described by James et al. (2001) in equivalent strata of the Mackenzie Mountains. The Ice Brook cap carbonate has attributes similar to coeval Marinoan caps globally including laminated peloidal sediments, corrugated stromatolites, and synsedimentary tepee-like structures (James et al., 2001) . The cap carbonate is overlain abruptly and conformably by black shale of the Sheepbed Formation (Figs. 4 and 5A ).
Sheepbed Formation
In the Mackenzie Mountains, the Sheepbed Formation (Gabrielse et al., 1973) represents deposition on a passive-margin continental slope (Dalrymple and Narbonne, 1996) . A slope setting is also interpreted for the lithologically similar Sheepbed Formation in the Stratigraphic levels of fossil occurrences based on the present study and reported occurrences from Hofmann et al. (1983) Nowlan et al. (1985) and Narbonne and Hofmann (1987) . 
Gametrail Formation
In the Mackenzie Mountains, the Gametrail Formation (320 m thick) is represented by coarse-grained platformal carbonates in the northeast and ribbonbedded limestones and carbonate debrites in the slope facies to the southwest. It has an interbedded and gradational contact with the underlying Sheepbed Formation. In the Wernecke Mountains, the Gametrail Formation is a light gray-weathering, resistant, cliff-forming carbonate unit (124-186.7 m thick) that overlies the Sheepbed Formation ( Fig. 5A and B) . The dominant lithology of the formation is carbonate debrites ( Table 2 ). The chaotic nature of the units, presence of asymmetric slump folds (Fig. 6B) , and bed truncation are consistent with deposition by debris flows on a carbonate slope (Coniglio and Dix, 1992) . Camp (at yellow arrow) sits on 100 m thick submarine channel conglomerate, overlain by shelf sands and a spectacular bioherm (outlined) comprising the basal member. The peritidal carbonate member is overlain by the red-weathering yuletide member that consists of several paleosol horizons. (E) View of the upper part of Section D1 to the southwest, consisting of the upper Blueflower Formation (disc member) that contains a carbonate subunit of oolite and shoreface sandstone overlain by recessive shallow shelf deposits. The Risky Formation forms the upper part of the cliff and is overlain by Cambrian strata. 
Blueflower Formation
In the Mackenzie Mountains, the Blueflower Formation (1000 m thick) consists of submarine channel fills and slumps and debrites consistent with a slope setting (Aitken, 1989) . MacNaughton et al. (2000) divided the Blueflower into a lower part consisting of deep-water carbonates and an upper part consisting of deep-water turbidites and carbonate olistoliths that pass upward into shoreface sandstones (MacNaughton et al., 2000) . In the Wernecke Mountains, the Blueflower Formation is a mixed siliciclastic and carbonate succession that likewise lies between the Gametrail and Risky Formations, although the shallow-water facies are quite different from their deeper water equivalents in the Mackenzie Mountains (Table 2) . Correlation is supported by the concentration of carbonates in the lower part and dominance of siliciclastics in the upper part as well as correlation of sequence boundaries (as discussed below). The Blueflower Formation is more than 600 m thick at southern sections and thins northward to 266 m. It is herein subdivided into four informal members that represent distinct, mappable units (Table 2; Figs. 3, 4 and 5B-E).
The basal member (50-200 m thick) consists of coarse submarine channel fills, fine siliciclastics (Fig. 6C) , and microbial pinnacle reef mounds (Fig. 5D ) that mark the transition from deep-water slope to shallow shelf conditions (Fig. 4, Table 2 ). The peritidal carbonate member (45-117 m thick) is lithologically variable, dominated by a complex of peritidal facies (Table 1) with interbeds of marine and terrestrial siliciclastics (Figs. 5D and 6D) . The yuletide member (40-180 m thick) is a prominent marker unit named for its characteristic friable, red-maroon and bright apple green-weathering interpreted terrestrial deposits (Fig. 6F ) and fluvial sandstone and conglomerate (Fig. 6E) . The uppermost member of the Blueflower Formation is called the disc member (114-305 m thick) because it contains disc-shaped fossils of the Ediacaran biota along with carbonaceous discs of uncertain affinities. It contains black shale interbedded with orange-weathering HCS sandstone beds and an increasing number of thicker, well cemented, white-weathering quartzite units in the upper part of the unit (Fig. 4, Table 2 ). Near the middle of the disc member in the most distal section, a carbonate-dominated unit containing granule-sized giant ooids occurs (Fig. 6G) .
Risky Formation
In the Mackenzie Mountains, the Risky Formation (Aitken, 1989 ) is a resistant unit (up to 167 m thick) of rose-to peach-weathering, cliff-forming, platform carbonate interbedded with dolomitic sandstone and sandy dolomite. The base of the formation is gradational with the underlying Blueflower Formation, and the top is a karstic unconformity below uppermost Neoproterozoic to basal Cambrian shallow-marine to nonmarine deposits (MacNaughton et al., 1997 (MacNaughton et al., , 2000 .
In the Wernecke Mountains, the Risky Formation is a distinctive, cliff-forming, blocky weathering, locally quartzose, orange to rose weathering dolostone (Fig. 5A, C and E) . Dolomitization was fabric-destructive but there are a few preserved textures such as oolite, microbial lamination and cross-bedding (FA 13). The Risky Formation thins, or more likely is truncated, from 136.5 m in the south to 26 m in the north (Fig. 4) . The upper boundary is cavernous with Mississippi Valley type zinc and lead mineralization (Osborne et al., 1986) and with the uppermost 1.5 m containing an extensive fracture system lined with phosphate and filled with phosphatic clasts. This discontinuity is regional in extent and is referred to as the "sub-Cambrian" unconformity (e.g., Narbonne and Aitken, 1995) .
Post-Windermere Formations
In the Mackenzie Mountains, the Ingta (Table 2) and Vampire Formations are siliciclastic-dominated strata regarded as post-Windermere in age because of the regional karstic unconformity at the top of the Risky Formation and the occurrence of Cambrian small shelly fossils and trace fossils high in the Ingta Formation (MacNaughton and Narbonne, 1999) . In the Wernecke Mountains, a limestone and dolostone unit (FA 15, Table 1 ), 9-14 m thick, is here questionably assigned to the Ingta Formation ( Fig. 5C and E). It is present above the Risky Formation at Sections C and D1 is overlain by black shale assigned to the Backbone Ranges-Vampire Formation (Fig. 3) . Within the upper part of the unit, extensive phosphatization occurs in the form of hardgrounds, intraclasts and cement between carbonate clasts (Fig. 6H ) and abundant quartz sand implies a siliciclastic shoreface landward. Osborne et al. (1986) and Nowlan et al. (1985) referred to this phosphatic limestone unit as a basal unit of the Vampire Formation before the Ingta Formation was named formally.
Biostratigraphy

Mackenzie Mountains
There are no radiometric dates available for the upper part of the Windermere Supergroup in the northwestern Cordillera. Simple discs of Ediacaran aspect occur in the Twitya Formation (Hofmann et al., 1990) . More complex Ediacaran fossils occur in the Sheepbed and Blueflower Formations, and simple trace fossils occur in the Gametrail, Blueflower, and Risky Formations (Hofmann, 1981; Aitken, 1989; Narbonne and Aitken, 1990, 1995; Narbonne et al., 1994; MacNaughton et al., 2000) . The base of the Cambrian lies high in the Ingta Formation at the base of the Treptichnus pedum biozone (MacNaughton and Narbonne, 1999) and near the first appearance of the small shelly fossil Protohertzina (Conway Morris and Fritz, 1980) .
Wernecke Mountains
A terminal Proterozoic age is indicated by: (1) the occurrence of Ediacaran fossils and simple trace fossils in the Blueflower Formation (Hofmann et al., 1983; Narbonne and Hofmann, 1987) ; (2) the assemblage of small shelly fossils of Early Cambrian age in the Ingta Formation (Nowlan et al., 1985) ; and (3) the association of complex trace fossils reported from the overlying Vampire Formation (Fig. 4) . This assignment is strengthened by the presence of well preserved Aspidella, described previously under a number of names (see Gehling et al., 2000) , and Beltanelliformis in the disc member ( Fig. 7A and B) . Aspidella and Beltanelliformis are known from Ediacaran strata worldwide. Associated simple trace fossils include Planolites (Fig. 7C) and Helminthoidichnites, which are among the most commonly reported trace fossils of Ediacaran age Jenkins, 1995) .
Abundant small shelly fossils, including Anabarites trisulcatus and Protohertzina anabarica, that define the base of the Cambrian in the Ingta Formation were documented by Nowlan et al. (1985) . Complex trace fossils, including Treptichnus pedum, Rusophycus and Cruziana, indicative of a sub-trilobite Cambrian age, are also present at the base of the Vampire Formation . Uppermost Vampire strata, as well as basal beds of the overlying Sekwi Formation, contain trilobites of the Fallotopsis Zone, the lowest trilobite zone of the Cambrian of the Laurentia (Fritz, 1980) .
Reconnaissance geochemistry
The carbon isotopic record within Neoproterozoic carbonate successions serves as a proxy for secular variation in seawater . Wernecke Mountains data can be compared to a global curve for interbasinal correlation (Knoll et al., 1986) and improved resolution of climatic oscillations (Kaufman et al., 1997; Hoffman et al., 1998) . In contrast with the relatively detailed isotope curve documented from the Mackenzie Mountains (Narbonne et al., 1994; Kaufman et al., 1997; James et al., 2001 ), sampling of the coeval succession in the Wernecke Mountains has been at a reconnaissance level. The following trends are apparent: (1) a strong negative excursion in post-glacial Ravensthroat and lower Sheepbed Formations; (2) a variable positive interval through the Sheepbed and Gametrail Formations; (3) an invariant interval through the Blueflower and Risky Formations; and (4) a sub-Cambrian negative excursion in the Ingta Formation. The δ 13 C profile for the Ravensthroat Formation and lower Sheepbed Formation (values from −4.1 to −6.6‰) is similar to that of the Ravensthroat Formation in the Mackenzie Mountains (James et al., 2001) and to Marinoan cap carbonates worldwide Kaufman et al., 1997) . Values from the uppermost Sheepbed and Gametrail Formations have positive values (to +8‰) similar to the positive interval in the coeval units within the Mackenzie Mountains (Narbonne et al., 1994; Kaufman et al., 1997) . Values within the Blueflower and Risky Formations are invariant (−1.4 and 0.0‰) which is a similar pattern, although slightly more negative, than the correlative interval in the Mackenzie Mountains (Narbonne et al., 1994; Kaufman et al., 1997) . Finally, carbon isotopic values show a pronounced negative (−3.4‰) excursion within the Ingta Formation carbonate, which is interpreted to correlate to distinctly negative values from the basal Ingta in the Mackenzies (Narbonne et al., 1994) , and may correlate to the depleted interval in sub-Cambrian successions globally (Knoll and Carroll, 1999) .
Depositional systems and sequence stratigraphy
The depositional history and stratigraphic architecture of the Wernecke Mountains succession are interpreted in a sequence stratigraphic framework. Shallow water deposits of the Blueflower Formation are sensitive recorders of relative sea level oscillations and contain more recognizable sequence boundaries than the deeper water record of the Mackenzie Mountains. The Wernecke Mountains succession is partitioned into five depositional sequences based on the position of unconformable surfaces, abrupt changes in facies, and transitions in facies stacking patterns (Fig. 8) . The placement of sequence boundaries in Fig. 8 presents the most parsimonious interpretation of the succession; attempts to recognize additional or alternative sequence boundaries result in interpretations that are less logical and/or considerably more complex. The sequences, based on concepts refined by Handford and Loucks (1993) , Posamentier and Allen (1999) , and Plint and Nummedal (2000) , consist of lowstand (LST), transgressive (TST), highstand (HST) and falling stage (FSST) systems tracts.
Sequence 1
Sequence 1, present completely only at Section A, is a thick, unconformity-bounded succession of the Ravensthroat, Sheepbed and Gametrail Formations (Fig. 8) . Sequence boundary (SB) 1 is located at the base of the Ravensthroat Formation and is a major unconformity because glacial deposits of the Ice Brook Formation present in coeval strata in the Mackenzie Mountains are missing at this locality. The absence of glacial deposits may be attributable to non-deposition, however, the top of the Keele Formation exhibits erosion in additional to an abrupt facies change from coarse, fluvial siliciclastics of the uppermost Keele Formation (= Keele Clastic Wedge of the Mackenzie Mountains) to the cap carbonate. The subsequent post-glacial sea level rise persisted through a TST consisting of Ravensthroat carbonate overlain by the Sheepbed Formation, composed of deep-water slope facies (FA 2 and 10). A maximum flooding surface is placed high in the Sheepbed Formation near the base of the Gametrail Formation. The HST consists of FA 11 (carbonate breccia) that represents mass wasting on the slope, or highstand shedding, as sediment is exported from the interpreted prograding platform. There is little siliciclastic material within the HST, except for one unit of black shale within the Gametrail Formation. The top of Sequence 1 is SB 2, a regionally extensive paleokarst unconformity at the top of the Gametrail Formation.
Sequence 2
Sequence 2 is represented by the basal and peritidal carbonate members of the Blueflower Formation overlying the paleokarst unconformity. The paleokarst surface has up to 20 m of downward fissures and cavities filled with coarse-grained sandstone. SB 2 is best expressed at Sections A and C. It probably extends to distal sections where strata are not exposed under the interpreted LST deposits (submarine channel conglomerates, FA 1) (Fig. 8) . The TST at Section D2 is formed by three retrogradational parasequences of black shale (FA 3) and heterolithic facies (FA 4). The TST also contains microbial bioherms (FA 12) with a pinnacle shape (Fig. 5D) suggestive of aggradation during a rapid sea level rise. In proximal sections, the TST contains alternations of more proximal shelf to shoreface sandstone (FA 5) and subtidal shelf dolostone and sandy dolostone (FA 13). The HST is everywhere marked by a change to peritidal carbonates (FA 14) .
The FSST preserved only in distal sections (D1 and D2) is interpreted to lie at the shelf edge, where sediments of the descending shoreface are preserved (Fig. 8) . The indications of falling sea level prior to the formation of SB 3 occur at the base of the FSST, where interbeds of terrestrial and fluvial deposits (FA 7 and 8) predominate and reappear within the LST of Sequence 3.
Sequence 3
Sequence 3 contains the greatest vertical facies changes within the Blueflower Formation and was deposited during a basinward shift of the shoreline and shut-down of the carbonate factory. The sequence also thickens distally (Fig. 8) . SB 3 is a prominent unconformity where fluvial deposits cut down into peritidal carbonates (Section A), or terrestrial deposits abruptly overlie carbonates (Sections B and C) or shelf clastics (Sections D1 and D2). The LST is dominated by terrestrial (FA 7) and fluvial (FA 8) deposits of the yuletide member. The TST contains coastal deposits (FA 9) distally, preserved at the shelf margin during a relative sea level rise. Within the TST and early HST, heterolithic facies (FA 4) host the Ediacaran megafossils and simple trace fossils. A maximum flooding surface is interpreted to lie within the basal part of the disc member (FA 3 and 4) . Part of the early HST (FA 5 and 13) is interpreted as a carbonate-dominated, high-energy, shallow shelf and shoal environment influenced by storm waves and tidal currents. A karstic erosion surface midway through the HST in Section D1 (Figs. 6G and 8 ) cannot be recognized proximally. The late HST is indicated by greater proximality, evidenced by a transition from brown-weathering sandstone (FA 4) to white-weathering, cleaner quartz sandstone (FA 5), decrease in shale interbeds, and increase in SCS in addition to HCS.
Sequence 4
SB 4 is represented by the erosional base of a phosphatic and quartz granule conglomerate (FA 6) capped by a phosphatic hardground which indicates a rapid rise in relative sea level. SB 4 occurs in a recessive interval just below the base of the Risky Formation (Fig. 8) . The transgressive lag is overlain by two or three parasequences of black shale (FA 3) with heterolithic facies (FA 4) or thin bedded dolostone (FA 13). The HST consists of the Risky Formation (FA 13), which is difficult to partition further. The sequence thins from 148 to 48 m northward (Fig. 8) .
Sequence 5
SB 5 is a marked regional unconformity at the top of the Risky Formation expressed as an irregular, karstic surface extending downward at least 1.5 m. It is overlain by well-bedded limestone (FA 15) of the Ingta Formation distally and by siliciclastic of the Backbone Ranges-Vampire Formation proximally (Fig. 8) .
Interpretation
The five depositional sequences interpreted for the upper Windermere Supergroup suggest a landward direction or high to the north based on the truncation of sequences northward and greater accommodation space to the south evident in the southward increase of thickness of sequences in the Blueflower Formation distally. Stacking patterns and truncations of facies through the succession record the progradation of the passive margin from the Ediacaran to Cambrian through the upward transition of slope deposition in the Sheepbed and Gametrail Formations to shallow marine and terrestrial deposition in the Blueflower and Risky Formations (Fig. 9) . SB 1 truncates fluvial deposits of the Keele Clastic Wedge interpreted to incise or lie on the slope (Fig. 9A) . These Keele siliciclastics represent an extreme lowering of sea level that interrupts slope deposition represented by the Twitya to Sheepbed Formations. Ice Brook glacials are absent at Section A, possibly due to non-deposition, but are known to overlie the Keele at one locality in the Wernecke Mountains (Thorkelson, 2000) . SB 1 is interpreted as eustatic or glacio-eustatic in origin. Sequence 1, consisting of the Ravensthroat, Sheepbed and Gametrail Formations, records the most marked rise in relative sea level and is attributed to post-glacial transgression during continued subsidence of the margin. A correlative conformity may lie within this sequence, near the change from shale to carbonates high in the Sheepbed (Fig. 4) .
A distinct depositional change (SB2) at the onset of the Blueflower Formation (Fig. 9B ) records a shift of the shoreline basinward and initial dominance by siliciclastic deposition. Lowstand submarine channel deposits are preserved outboard. The HST of Sequence 2 records the aggradation and progradation of peritidal carbonates across the transect. The FSST of Sequence 2, preserved only distally, is suggested to have formed at the shelf margin based on the interpreted coastal facies association. SB 3 is preceded in the distal sections by indicators of falling sea level (terrestrial facies of the FSST of Sequence 2) that culminate in a great drop in base level (Fig. 9C ). This drop is indicated by cratonward thinning of Sequence 3, the low depositional gradient of the LST across the transect, aggradation of terrestrial sediments, and lack of carbonate deposition. SB 3 represents the greatest depositional change from fully marine to dominantly terrestrial deposition and may be associated with erosion related to local tectonic controls. The terrestrial facies preserved across the transect are best interpreted as aggradational LST deposits. Deposition of coarse siliciclastics of the initial TST of Sequence 3 indicate a rapid rise in relative sea level, followed by a slowing of sea level rise indicated by the progradation of thicker units of cleaner sandstone forming the HST. In both Sequences 2 and 3, a higher-frequency cyclicity is indicated by the alternation of siliciclastic-carbonate subunits and well-developed higher-order unconformities (Figs. 4,  6E and G) . SB 4 is a prominent break in deposition below the Blueflower-Risky Formation contact (Fig. 9E) . The coarse sediment of the lag deposit (FA 6) indicates exposure and erosion. The Risky Formation represents the rebirth of extensive carbonate sedimentation and progradation of the platform margin. SB 5 is the sub-Cambrian unconformity. It extends across the shelf and corresponds with a major unconformity worldwide (Narbonne et al., 1994; Christie-Blick et al., 1995; Saylor et al., 1995; Pelechaty et al., 1996; Calver and Lindsay, 1998; Jiang et al., 2002; Saylor, 2003) which supports the interpretation of a eustatic origin for this boundary.
The sea-level curve (Fig. 9 ) is based on the thickest strata preserved distally and illustrates that the Ediacaran system in the Wernecke Mountains is bound by two significant sequence boundaries that may be useful for global correlation. Interpreted third-order and second-order patterns show the greatest rise in relative sea level occurred during Sequence 1. The greatest sea-level fall during Sequence 3 is marked by a change to a more spatially uniform stacking architecture across the transect.
Intrabasinal sequence stratigraphic correlation
An integrated, intrabasinal correlation of the exceptional stratigraphic record of the upper Windermere Supergroup in northwestern Canada is established. Six sequence stratigraphic tie-points can be extended from the Wernecke Mountains to the Mackenzie Mountains and are supported by a biostratigraphic and chemostratigraphic framework (Fig. 10) . To facilitate discussion of both regional and global chronostratigraphic correlation, intervals of a synthesized carbon isotopic profile, based on the schemes of Pelechaty et al. (1996) , Pelechaty (1998) and Saylor et al. (1998) , are used as a framework. This profile is divided into anomalies, in ascending stratigraphic order from the Marinoan cap carbonates to Precambrian-Cambrian boundary: negative post-glacial (N pg ), positive, invariant, and negative sub-Cambrian (N sC ) (Fig. 10) .
The succession of northwestern Canada corresponds to the proposed Ediacaran System, the base of which is proposed at the base of the Nuccalena Formation cap carbonate in the Adelaide Geosyncline (Terminal Proterozoic System 16th Circular, 2003) . Regionally, at a second-order level, a tie-point is drawn from the base of the Ravensthroat Formation (SB1) to the base of the Ravensthroat Formation in the Mackenzies, described as sharp when overlying the Keele Clastic Wedge, or irregular when overlying Ice Brook glacials (James et al., 2001 ). This level is also the base of a prominent negative carbon isotopic excursion (N pg , Fig. 10 ). The upper boundary, at the Precambrian-Cambrian transition, is a marked regional unconformity at the top of the Risky Formation (SB 5) at most localities. Where the stratigraphy is more complete, the boundary is defined biostratigraphically at the level at which Cambrian trace fossils and small shelly fossils occur in both the Wernecke and Mackenzie Mountains (Fig. 10) , and carbonates indicate the N sC excursion. Subsequent positive isotopic values in the Cambrian are not known from northwestern Canada because this interval is siliciclastic-dominated.
Four third-order sequence boundaries interpreted as tie-points occur between the two second-order bounding surfaces in both the Wernecke and Mackenzie Mountains (Fig. 10) . A correlative conformity was postulated to lie high in the Sheepbed Formation (Dalrymple and Narbonne, 1996) and a tentative correlation is extended to a similar level in the deep-water succession in the Wernecke Mountains, within the positive interval. SB 2, 3, and 4 lie in the invariant interval. The apparent regional unconformity at the base of the Blueflower Formation (SB 2) is correlated with a similar level in the lower Blueflower Formation in the Mackenzie Mountains, a level designated as a simple sequence boundary (containing no higher-order boundaries) by MacNaughton et al. (2000) who perhaps underestimated the significance of this surface in the deeper-water succession. Tie-points are extended from SB 3 and 4 to points in the Blueflower Formation in the Mackenzie Mountains, both of which are interpreted as prominent basinward shifts of a siliciclastic source. SB 4 correlates to a sub-Risky Formation unconformity recognized by MacNaughton et al. (2000) and indicates a fall in relative sea level even more pronounced than SB Fig. 10 . Global correlation of terminal Neoproterozoic mixed siliciclastic-carbonate successions within a chemostratigraphic framework of carbon-isotopic intervals based on a synthesized profile (after Pelechaty et al., 1996; Pelechaty, 1998; Saylor et al., 1998) . Synthesized curve is based on the Mackenzie Mountains (after Kaufman et al., 1997; James et al., 2001) . The fossil zonation of E1 representing simple discs, E2 representing larger, radially symmetrical discs and fronds and E3 representing complex discs, fronds, dickinsoniids, and abundant trace fossils is after Narbonne et al. (1994) . Lithologies of sections are greatly simplified and no thicknesses are implied. Sections: Siberia: absolute date from Bowring et al. (1993) , stratigraphy after Knoll et al. (1995) , Pelechaty et al. (1996) , and Pelechaty (1998); Namibia: absolute dates from Grotzinger et al. (1995) , stratigraphy after Saylor et al. (1998) and Saylor (2003) and references therein; India: stratigraphy and preliminary isotopic data from Jiang et al. (2002) ; Southeast USA: Nd = Noonday Dolomite, sequence stratigraphy after Fedo and Cooper (2001) , stratigraphy and chemostratigraphic data after Corsetti and Hagadorn (2000) and Prave (1999) ; Mackenzie Mountains: Rt = Ravensthroat cap carbonate, BBR = Backbone Ranges Formation, stratigraphy and sequence boundaries after Narbonne and Aitken (1995) , MacNaughton et al. (2000) and Dalrymple and Narbonne (1996) ; isotopic trends after Narbonne et al. (1994) and Kaufman et al. (1997) ; Wernecke Mountains based on this present study, BBR-V = Backbone Ranges-Vampire Formation.
5 at the top of the Risky Formation. MacNaughton et al. (2000) further suggested that the concentration of unconformities through the Blueflower Formation may be consistent with a period of thermal uplift coeval to extensional tectonism in the southern Canadian Cordillera that accounts for renewed subsidence in the Cambrian (Bond and Kominz, 1984; Bond et al., 1985) . Although these repeated sea level falls through the late Ediacaran may be eustatic in nature, the intrabasinal correlation of prominent basinward shifts indicated by SB 3, 4, and 5 may support the hypothesis of a regional tectonic event such as uplift.
Global correlations
The integrated stratigraphy of northwestern Canada has several trends of possible global importance (Fig. 10) . The base of the Ediacaran System is interpreted to lie directly beneath Marinoan cap carbonates, which appear to be high-resolution global markers (Knoll et al., 1986; Narbonne et al., 1994; Narbonne and Aitken, 1995; Kaufman et al., 1997; Hoffman et al., 1998; Kennedy et al., 1998; Walter et al., 2000) . The Ediacaran is bounded at the top by the Precambrian-Cambrian boundary, a major unconformity at most sections worldwide which suggests a eustatic origin. The age of this boundary (ca. 543 Ma) is based on U-Pb zircon dates from Namibia , Siberia (Bowring et al., 1993) and Oman (Amthor et al., 2003) . Testing the timing of multiple, globally synchronous glacial events by radiometric dating has not been possible (Evans, 2000) . Thus, the best possible chronostratigraphic resolution comes from integrated stratigraphic approaches.
In northwestern Canada, the Ediacaran is constrained within the four well-resolved carbon-isotopic intervals and provides an independent test of utilizing integrated stratigraphy, particularly the linkage of third-order sequence boundaries beyond regional correlation. Comparison is drawn with mixed siliciclastic-carbonate successions that have similarly integrated chronostratigraphies. These include differing tectonic regimes such as the intracratonic-basin setting of Siberia (Pelechaty, 1998) , foreland basin of Namibia (Saylor et al., 1998) , and passive margin settings of India (Jiang et al., 2002) , the southern Cordillera (Corsetti and Hagadorn, 2000) and northwestern Canada (Fig. 10) .
SB 5, the sub-Cambrian unconformity, is readily recognizable in all of the sections. Its duration and magnitude vary between sections, but the age appears to be the same within the precision afforded by biostratigraphic and chemostratigraphic correlation. In North America, SB 5 correlates to the base of the Sauk Sequence (of Sloss, 1963) at or near the base of the Cambrian. The sharp N sC excursion that is immediately below or approximates the Precambrian-Cambrian transition (Siberia, southwestern United States, northwestern Canada) is not present due to erosion or non-deposition as in Namibia and possibly India. The N sC excursion is defined by a U-Pb zircon age of 542.0 ± 0.3 Ma in Oman (Amthor et al., 2003) . Globally, the calcified metazoans Cloudina and Namacalathus occur only below this interval while small shelly fossils and complex trace fossils first appear with or above the negative excursion (Fig.  10) . In the southern Great Basin, United States, the Precambrian-Cambrian boundary is defined by the first appearance of T. pedum and other complex trace fossils within the N sC interval Hagadorn, 2000, 2003) . Correlation of the sub-Cambrian unconformity is extended to the regional disconformity that defines the middle member of the Wood Canyon Formation (Fedo and Cooper, 2001) (Fig. 10) . Other carbonate dominated, Precambrian-Cambrian boundary successions that contain the N sC isotopic event include Oman (Amthor et al., 2003) , China (Lambert et al., 1987) , Mongolia (Brasier et al., 1996) , and Morocco (Tucker, 1986) . SB 4 is easily correlated into the Mackenzie Mountains. Sequence boundaries occur at or near the same level as SB4 (high in the invariant interval) in Death Valley, Namibia, and India (Fig. 10) , but the absence of unique features at this boundary or independent means of correlation do not presently permit precise correlation between boundaries. There does not appear to be a sequence boundary at this level on the Siberian Platform Pelechaty et al., 1996; Pelechaty, 1998) .
SB 3 also has demonstrable correlation with the Mackenzie Mountains, but cannot be correlated with confidence outside the Canadian Cordillera. It is just above this level in the Wernecke Mountains where the most diverse E3 megafossils and simple trace fossils occur, which provides a coarse correlation to levels in Siberia and Namibia (Fig. 10) . Dates from Namibia suggests the duration of the invariant and N sC intervals may be 5-6 million years (Saylor et al., 1998) . There are a varying number of sequence boundaries at this level in Namibia (Saylor et al., 1998) and India (Jiang et al., 2002) , of both interpreted tectonic and eustatic nature, which hinders the linkage of these surfaces. SB 2 and its correlative surface in the Mackenzie Mountains lie in a position immediately above the positive interval. Sequence boundaries are reported at or near this level in Siberia, Namibia, and India (Krol B/C level) (Fig. 10) and further research should be carried out in other areas to determine if this represents a global eustatic signal. Below the level of SB 2 in northwestern Canada, sequence boundaries are not as obvious in the deep-water strata except for one level high in the Sheepbed Formation which is questionably extended to a level high in the Johnnie Formation. In the other successions, a variable number of boundaries are identified.
At the level of the positive interval in the Mackenzie Mountains, the E2 biota (Ediacaran megafossils, restricted to discs and fronds) occurs in the Sheepbed Formation and the first occurrence of simple trace fossils and the E3 biota occur just below the surface correlative with SB2. Another biostratigraphic constraint that may characterize this interval is the range of calcified metazoans such as Cloudina and Namacalathus that begins within the positive interval in the Nama Group (Grotzinger et al., 2000) and possibly in the Stirling Quartzite of the southeastern United States (Grant, 1990) . These fossils extend through the invariant and N sC interval where their last appearance coincides with the Precambrian-Cambrian boundary (Amthor et al., 2003) .
SB 1 lies at the base of the Ediacaran and coincides with the base of the N pg interval in northwestern Canada (base of the Ravensthroat Formation). This level correlates with the base of the Nuccalena Formation in Australia which is interpreted as a disconformity (Christie-Blick et al., 1995) and the unit has distinctive negative carbon isotopic values (Calver, 2000; Walter et al., 2000) . A correlation is extended to the base of the Noonday Dolomite cap carbonate that unconformably overlies the Wildrose Diamictite (upper Kingston Peak Formation), interpreted as coeval to the Marinoan event (Prave, 1999) . A similar correlation can be extended to the cap carbonate overlying diamictite of the Blaini Formation in India (Fig. 10) .
Based on our integrated correlation within the exceptional succession of northwestern Canada, it appears that sequence stratigraphy provides a robust and presently under-utilized tool for regional correlation in the terminal Neoproterozoic. Global sequence-stratigraphic correlations seem tantalizingly possible, but at present are hampered by differences in tectonic settings of depositional basins and hence thicknesses of sequences, absence of unique features that might characterize a particular sequence boundary, and a scarcity of independent means of correlation of sequence boundaries. The presence of sequence boundaries at the base and top of the Ediacaran system in many sections enhances the definition and correlation of this newly named system. Sequence boundaries lie at the base of both the N sC and N pg intervals which refines correlations. The sequence boundaries that coincide with the top of the positive interval in several localities and at a level within the positive interval may be tested as global boundaries. Linkages of third-order sequence boundaries are not straightforward, but when integrated with biostratigraphy and chemostratigraphy, a more comprehensive chronostratigraphy is coming into focus to constrain events of the terminal Neoproterozoic. 
Summary and conclusions
